INTRODUCTION
Copper status is impaired by high intakes of zinc (1) (2) (3) (4) , iron (2, 3, 5, 6) , and manganese (6) (7) (8) (9) . The purpose of this investigation was to determine whether the amounts and chemical forms of iron, zinc, manganese, and copper added to food products and nutritional supplements might limit copper bioavailability.
MATERIALS AND METHODS
Only multiple vitamin and mineral preparations that contained iron and food products that were fortified or enriched with iron were examined. Information on the amounts and chemical forms of copper, iron, zinc, and manganese were obtained from the labels of multiple vitamin and mineral supplements, liquid formulas, and fortified cereals available in local grocery stores. Additional information on the amounts of copper, iron, zinc, and manganese in liquid nutritional supplements was obtained from the manufacturers. Mineral concentrations in prenatal supplements, which are generally available only by prescription, were obtained from the Physicians Desk Reference (10) .
RESULTS
According to the design of the study, all products examined contained iron. Most of the vitamin and mineral supplements also contained manganese and zinc (Table 1) . However, copper was absent in > 25% of these supplements. All of the liquid nutritional supplements for adults and all of the infant formulas contained all four trace minerals. The dietary beverages for adults contained iron, zinc, and copper, but did not contain manganese. About 80% of the ready-to-eat cereals contained zinc, but none had copper or manganese added ( Table 2) .
DISCUSSION
The foods and supplements examined in this study contained several different chemical forms of iron, zinc, and copper. The effect of the chemical form of iron, zinc, or manganese on copper bioavailability in humans has received little attention. However, the chemical form of copper in some products and the absence of copper in others raise concerns about copper bioavailability.
Chemical forms of iron with high bioavailability include ferrous sulfate and ferrous fumarate, whereas those with low or variable bioavailability include reduced elemental iron and ferric pyrophosphate (12, 13) . The sulfate salts of copper (14, 15) , zinc (16, 17) , and manganese (18) are usually more bioavailable than the oxide forms of these minerals. Cupric oxide is commonly used in human foods and supplements, but it is completely unavailable to chickens (14, 19) and swine (15) . Cupric oxide has been shown to be bioavailable in cattle in some (20, 21) but not all studies (22) , but is an available form of copper in sheep (20) . Studies in nonruminant animals such as swine and poultry are more relevant to humans than studies in sheep and cattle. It has been speculated that different manufacturing processes might influence the solubility, and hence bioavailability, of cupric oxide (15) . However, some pet food companies have replaced copper oxide with copper sulfate because of concern about the poor bioavailability of copper oxide (D Jewell, Hills Pet Nutrition, Topeka, KS; personal communication, 1996).
Multiple vitamin and mineral supplements
Multiple vitamin and mineral supplements usually contained ferrous fumarate, manganese sulfate, and zinc oxide (Table 1) . However, > 25% of these supplements did not contain copper, > 40% contained the poorly available cupric oxide, and the remaining preparations usually contained the bioavailable sulfate form of copper.
The amount of iron in all but one prenatal supplement exceeded the recommended dietary allowance (RDA) of 30 mg during pregnancy (23) . Three of eight (nearly 40%) prenatal supplements contained both iron and zinc without a nutritionally significant amount of copper. By using the RDA and the estimated safe and adequate daily dietary intake as a guide (23), an appropriate ratio of iron to copper during pregnancy can be estimated to be 10-20:1 and an appropriate ratio of zinc to copper, 5-10:1. Few of the prenatal supplements we examined were within these ranges. It is recommended that if zinc supplements are given during pregnancy, copper should also be given (24) . Because of the known effect of excess iron on copper status (2) (3) (4) (5) (6) , supplements that contain iron should also include copper.
Nutritional supplements
Unlike multiple vitamin and mineral supplements, liquid nutritional supplements are designed to provide complete balanced nutrition in a defined volume (eg, 1-1.5 L). All products examined contained all four trace minerals, and the highly available sulfate forms of ferrous iron, cupric copper, zinc, and manganese were used almost exclusively (Table 1) . Thus, copper bioavailability is probably much better in these liquid nutritional formulas than in several of the multiple vitamin and mineral supplements provided in pill form.
Ready-to-feed infant formulas
The ready-to-feed infant formulas were similar to liquid nutritional supplements for adults in that they contained the highly available sulfate forms of all four minerals (Table 1) . However, compared with the ratios in products designed for adults, ratios in these infant formulas of iron to copper were markedly higher and ratios of manganese to copper were much lower. Ten of 12 infant formulas we examined had ratios of iron to copper exceeding 20:1. Haschke et al (5) reported that copper absorption was significantly decreased in infants when the iron content of their formulas was increased from 1.8 to 10.8 mg/L.
Dietary beverages
Other dietary beverages contained copper gluconate, no added manganese, and moderately bioavailable ferric pyrophosphate and zinc oxide (Table 1) . Although some of these products might be relatively good sources of copper, they may not be ideal sources of iron, zinc, or manganese.
Ready-to-eat breakfast cereals
Only ready-to-eat breakfast cereals with added iron were examined (Table 2) . Iron was listed on the ingredient labels as either reduced iron (Fe 0 ) or iron. The amount of iron per serving ranged from 10% to 100% of the reference daily intake [RDI (11) ], or Ϸ1.8-18 mg. Although reduced iron is considered to be less bioavailable than ferrous sulfate, processing influences the chemical form of iron in finished products and may improve bioavailability (25, 26) . About 80% of these cereals contained added zinc, usually listed as either zinc oxide or zinc. The amount of zinc per serving in cereals with added zinc ranged from 8% to 100% of the RDI (11), or Ϸ1.2-15 mg. None of the 40 ready-to-eat breakfast cereals had copper or manganese added, although 50% were fortified with ≥ 25% of the RDI for both iron and zinc. About 20% of these cereals provided ≥ 10% of the RDI (11) for copper, largely derived from raisins, nuts, or bran. Because the bioavailability of iron and zinc in ready-to-eat breakfast cereals is probably a function of both their initial chemical form and the influence of processing, it is difficult to estimate the effect of iron and zinc on copper bioavailability.
Conclusion
In conclusion, copper bioavailability may be low in some multiple vitamin and mineral supplements and in ready-to-eat breakfast cereals. The trace mineral composition of prenatal supplements is of particular concern because several contained high amounts of both iron and zinc with insignificant amounts of copper. The energy-based nutritional supplements and infant formulas contained highly bioavailable forms of copper, iron, zinc, and manganese, but the ratios of iron to copper were somewhat high in the infant formulas. The bioavailability of copper in foods and supplements should be investigated further with use of in vivo methods. Several products may require reformulation to improve their copper bioavailability.
